Ceramic materials have the advantage of abrasion resistance, heat resistance, and corrosion resistance compared with metal materials. The combination of ultrasonic vibration and polishing slurry has been shown to be an effective method for machining holes in brittle materials. However, conventional ultrasonic methods use only longitudinal vibration. Complex vibration sources with diagonal slits have been applied to ultrasonic motors and ultrasonic welding; in contrast, few studies have been conducted on ultrasonic machining using complex vibration and polishing slurry. Removal rates and machining accuracy are expected to be improved by using ultrasonic complex (longitudinal-torsional) vibration. Therefore, we have developed a new method using polishing slurry together with ultrasonic longitudinal and torsional vibration sources with diagonal slits for hole machining of brittle materials. Torsional vibration is considered to improve the processing of the hole side of ceramic materials such that the polishing slurry can circulate more easily. We assume improvement of removal rate and machining accuracy for that reason. In experiments, soda-lime glass is used as the processing material in ultrasonic complex vibration or ultrasonic longitudinal vibration, and machining time is measured to assess the hole machining characteristics.
INTRODUCTION
Ceramic materials are used for various purposes in virtually all fields of industry. However, processing methods for brittle materials such as ceramics face a number of problems. Using a combination of ultrasonic vibration and polishing slurry is effective for machining holes in brittle materials such as glass. However, conventional ultrasonic machining methods use only longitudinal vibration. Although complex vibration sources have been used in ultrasonic motors and ultrasonic welding [1, 2] , few studies have been conducted on ultrasonic machining using complex vibration and polishing slurry. Accordingly, we have developed a new method using polishing slurry together with ultrasonic complex vibration sources with diagonal slits on the vibration converter, which provides both longitudinal and torsional vibration for machining holes in brittle materials. In conventional methods, complex vibration is achieved by using multiple discrete longitudinal vibration transducers or two discrete pieces of piezoceramics. In the present study, complex vibration is obtained by means of diagonal slits, which is a simplification over previous methods since only one longitudinal vibration transducer is used. Ultrasonic longitudinal-torsional vibration is expected to improve both machining time and accuracy as compared with using only longitudinal vibration.
In previous studies, the longitudinal and torsional vibration characteristics of complex vibration sources with diagonal slits have been examined for vibration sources used in hole machining experiments. Soda-lime glass was used as the processed material, and the machining time was measured to assess the machining characteristics of the hole (diameter: 12 mm; depth: 1.3 mm) created using complex or longitudinal vibration sources, where using the ultrasonic complex vibration sources resulted in a smaller hole roundness error as compared with longitudinal vibration sources [3] [4] [5] .
In this study, using soda-lime glass as the processed material, the machining characteristics of a hole (diameter: 8 mm; depth: 4 mm) created using complex or longitudinal vibration sources were measured by varying the pressure during processing.
ULTRASONIC VIBRATION SOURCE FIGURE 1 shows the ultrasonic vibration source in this experiment. The vibration source consists of a 20 kHz bolt-clamped Langevin-type transducer, a uniform rod with a diameter of 56 mm (designed such that the longitudinal vibration resonant frequency is 20 kHz), an exponential horn for amplitude amplification (length: 155 mm; large-end diameter: 55 mm; small-end diameter: 12 mm; amplification factor: ≈4.6; material: duralumin), and various horns (FIGURE 2).
In FIGURE 2, (a) and (b) show the schematics of the complex vibration horn with diagonal slits and a longitudinal vibration horn, respectively. The horizontal axis in FIGURE 2 indicates the measurement position in the x direction. The dimensions of the complex vibration horn are as follows: length, 120 mm (such that the longitudinal vibration resonant frequency is 20 kHz without diagonal slits); position of the extension part, x = 80-120 mm (x = 80 mm is the position of the torsional vibration node); diameter of the extension part, 8 mm; and diagonal slit position, x = 50 mm (FIGURE 3). The ultrasonic vibration source with complex vibration horn is referred to as complex vibration source below. The dimensions of the longitudinal vibration horn are as follows: length, 120 mm; position of the extension part, x = 60-120 mm (x = 60 mm is the position of the longitudinal vibration node); diameter of the extension part, 8 mm; and no diagonal slits. The ultrasonic vibration source with longitudinal vibration horn is referred to as a longitudinal vibration source below. In addition, an edge is fabricated at the tip of various horns for hole machining. The dimensions of the edge are diameter of 5.3 mm and depth of 10 mm. The external appearance of the diagonal slits is shown in FIGURE 3, where the slit characteristics are as follows: length, 19 mm; groove width, 0.5 mm; depth, 3.5 mm; inclination angle, 35°; and number of slits, 8. 
LONGITUDINAL-TORSIONAL VIBRATION CHARACTERISTICS
First, the longitudinal-torsional vibration characteristics at the longitudinal vibration resonant frequency were established for the complex and longitudinal vibration sources used in the experiments on hole machining of sodalime glass by measuring the respective free admittance loops of vibration sources, longitudinal-torsional vibration distributions, and vibration trajectories at the tip side.
Free Admittance Loops of Vibration Sources
The free admittance loops of the two vibration sources were measured. Experiments were conducted with the terminal voltage of the transducer fixed at 5 V (effective value).
FIGURE 4 shows the measured free admittance loops of the complex and longitudinal vibration sources, where the vertical and horizontal axes represent the susceptance and conductance, respectively. According to FIGURE 4, the quality factor and the motional admittance |Y m0 | of the complex vibration source were 278 and 13.7 mS, respectively. The quality factor and the motional admittance |Y m0 | of the longitudinal vibration source were 607 and 33.8 mS, respectively. 
Longitudinal-Torisonal Vibration Distributions
The respective longitudinal-torsional vibration distributions (in the range of x = 0-120 mm) of both vibration sources were measured. Experiments were conducted with the terminal voltage of the transducer fixed at 5 V (effective value). The longitudinal vibration resonant frequencies were found to be 20.3 kHz for the complex vibration source and 20.6 kHz for the longitudinal vibration source. Furthermore, the longitudinal vibration amplitude at each x value was measured with a ring-type magnetic ultrasonic vibration detector, and the torsional vibration amplitude was measured at a small area on the surface cut normal to the circumference of the horn in the axial direction by using a laser Doppler vibrometer (LDV) (Ono Sokki: LV-1710).
In FIGURE 5, (a) and (b) show the respective longitudinal-torsional vibration distributions of the complex and longitudinal vibration sources, where the vertical and horizontal axes represent the zero-to-peak value (0-p) of the longitudinal or torsional vibration amplitude and the measurement position in the x direction, respectively.
According to FIGURE 5(a), the longitudinal vibration had a resonant frequency corresponding to half of the wavelength for the horn. The node position of longitudinal vibration was x = 50 mm. The longitudinal vibration amplitude at the transducer side (x = 0 mm) and the tip (x = 120 mm) were measured by using LDV. The longitudinal vibration amplitude amplification factor was 1.4. The amplitude amplification factor was not determined by the ratio of cross-sectional areas because the position of the extension part coincided with the node position of torsional vibration. Next, the loop positions of the torsional vibration amplitude were at about x = 40 mm and at the tip (x = 120 mm), and the node positions were at the transducer side (x = 0 mm) and at about x = 80 mm. The torsional vibration had a resonant frequency corresponding to three-quarters of the wavelength for a horn of this length. The torsional vibration amplitude was amplified in the range of x = 80-120 mm.
According to FIGURE 5(b), the longitudinal vibration had a resonant frequency corresponding to half the wavelength for this horn. The longitudinal vibration amplitude at the transducer side (x = 0 mm) and the tip (x = 120 mm) was measured by using LDV. The longitudinal vibration amplitude amplification factor was 2.4, which was determined by the ratio of cross-sectional areas. The torsional vibration amplitude was not measured for the vibration source without diagonal slits. 
Longitudinal-Torsional Vibration Trajectories at the Tip Side
The vibration trajectories were plotted for the tip of the complex and longitudinal vibration sources at the longitudinal vibration resonant frequency (complex vibration source: 20.3 kHz; longitudinal vibration source: 20.6 kHz). An experiment was conducted to measure the longitudinal and torsional vibration at the same time with two LDVs (Ono Sokki: LV-1710) with the terminal voltage of the transducer fixed at 5 V (effective value).
FIGURE 6 shows the vibration trajectory for longitudinal-torsional vibration at the tip. The vertical and horizontal axes in FIGURE 6 represent the normalized values of torsional and longitudinal vibration, respectively, where normalization was performed by the maximum value of the longitudinal vibration amplitude of each vibration source. In FIGURE 6, the vibration trajectory of the complex vibration source describes a straight diagonal line. Torsional vibration was generated from longitudinal vibration by a vibration converter with diagonal slits, and the resulting torsional vibration was rather strong, amounting to 2.3 times the amplitude that of the longitudinal vibration. In comparison, the vibration trajectory of the longitudinal vibration source described a straight line in the direction of longitudinal vibration. At the same longitudinal vibration amplitude, the length of the vibration trajectory of the complex vibration source was 2.5 times that of the longitudinal vibration source. 
HOLE MACHINING CHARACTERISTICS
The effects of longitudinal-torsional complex vibration on the characteristics of hole machining of brittle materials were studied.
FIGURE 7 shows the ultrasonic machining device, which was converted from a benchtop milling ma-chine. The ultrasonic vibration source was affixed to the device by using flanges on the uniform rod (diameter: 56 mm) and the exponential horn (FIGURE 1). Both flanges were positioned at the nodes of longitudinal vibration. By using linear guides and a weight, a constant force (processing pressure) was applied from the lower side of the fixed stand to the tip of the horn in order to maintain contact between the tip and the processed material. Polishing slurry was supplied to the cutting side of the processed material through a vertical centrifugal pump. The vibration amplitude of the vibration source at x = 0 mm was measured during hole machining by using a ring-type magnetic ultrasonic vibration detector. The longitudinal vibration amplitude at x = 120 mm was obtained from the longitudinal vibration amplitude at x = 0 mm and the longitudinal vibration amplification factor. The torsional vibration amplitude at x = 120 mm was obtained from the longitudinal vibration amplitude at x = 120 mm and the ratio between the torsional and longitudinal vibration amplitudes.
The hole machining characteristics were experimentally measured and compared for soda-lime glass machining using complex and longitudinal vibration sources. Table I shows the machining conditions in the experiments. Polishing slurry was supplied to the cutting side of the glass at a rate of approximately 1 L/min. In this experiment, the machining time and input electric power (as an average value during processing) were measured to assess the hole machining characteristics by varying the processing pres-sure.
In this experiment, during machining, the longitudinal vibration amplitude at the tip for both vibration sources was 10 μm 0-p , and the torsional vibration amplitude of the complex vibration source was 23 μm 0-p . Five soda-lime glass plates (thickness of one plate : 1.3 mm) were glued together to prevent chipping. The machining conditions are shown in TABLE I. The processing pressure was varied between 0.50 and 2.25 MPa (at steps of 0.25 MPa). The driving frequency of each vibration source was the longitudinal vibration resonant frequency. FIGURE 8 shows the experimental results for machining time. The vertical and horizontal axes represent machining time and processing pressure, respectively. According to the figure, the machining time of the complex vibration source decreased with increasing the processing pressure in the range of 0.50-1.00 MPa. The shortest average machining time was approximately 261 s for a processing pressure of 1.00 MPa, and the machining time increased with increasing the processing pressure in the range of 1.00-1.50 MPa. The machining time in the case of the longitudinal vibration source de-creased abruptly with increasing the processing pressure in the range of 0.50-0.75 MPa, after which it decreased more slowly with increasing the processing pressure in the range of 0.75-1.75 MPa. The shortest average machining time was approximately 360 s for a processing pressure of 1.75 MPa, and the machining time increased with increasing the processing pressure in the range of 1.75-2.25 MPa. Therefore, the respective optimal processing pressures for complex and longitudinal vibration sources in the measurement range were concluded to be 1.00 and 1.75 MPa. Based on this result, complex vibration sources are expected to improve the machining time as compared with longitudinal vibration sources when the optimal processing pressure is applied.
FIGURE 9 shows the experimental results for input electric power. The vertical and horizontal axes represent input electric power and processing pressure, respectively. According to the figure, input electric power of both vibration sources increased with increasing the processing pressure, showing that the input electric power was almost proportional to the processing pressure. The gradient of the input electric power of complex vibration source was large in comparison to that of the longitudinal vibration source. As mentioned above, the torsional vibration amplitude of the complex vibration source was obtained by means of diagonal slits ( §3.4). The values of the input electric power at the optimal processing pressures for complex and longitudinal vibration sources were ≈27 W and ≈34 W, respectively. FIGURE 10 shows the results for the values of electric energy, which were obtained by multiplying the machining time (FIGURE 8) and the average input electric power (FIGURE 9) (machining time (s) × average input electric power (W) = electric energy (J)). The vertical and horizontal axes represent the electric energy and processing pressure, respectively. According to the figure, the electric energy of both vibration sources decreases with increasing the processing pressure in the range of 0.50-0.75 MPa. The smallest average amount of electric energy was ≈5.7 kJ for the complex vibration source and ≈7.5 kJ for the longitudinal vibration source at a processing pressure of 0.75 MPa. The electric energy of both vibration sources increases with increasing the processing pressure over a wide range of processing pressures. The electric energy at the optimal processing pressures for complex and longitudinal vibration source were ≈10.4 kJ and ≈8.8 kJ, respectively. We found that processing with the complex vibration source used smaller amounts of electric energy as compared with the longitudinal vibration source at the respective optimal processing pressure levels. 
CONCLUSIONS
In this paper, we investigated complex (longitudinal-torsional) and longitudinal vibration sources for hole machining in brittle materials such as soda-lime glass. First, the longitudinal-torsional vibration characteristics of both vibration sources were measured. We found that the vibration trajectory at the tip of the complex source describes a diagonal straight line. Also, at the same longitudinal vibration amplitude, the length of the vibration trajectory of the complex vibration source was 2.5 times longer than that of the longitudinal vibration source. In the case of the complex vibration source, torsional vibration was generated from longitudinal vibration by a vibration converter with diagonal slits, where torsional vibration was rather strong, amounting to 2.3 times that of the longitudinal vibration. The hole machining characteristics were also measured for both vibration sources. The optimal processing pressures for the complex and longitudinal vibration sources were found to be 1.00 and 1.75 MPa for soda-lime glass machining. Based on these results, complex vibration sources are expected to shorten machining time as compared with longitudinal vibration sources when the optimal processing pressure is applied. 
